Several B-type main-sequence stars show chemical peculiarities. A particularly striking class are the 3 He stars exhibiting a remarkable enrichment of 3 He with respect to 4 He. This isotopic anomaly has also been found in blue horizontal branch (BHB) and subdwarf B (sdB) stars, which are helium-core burning stars of the extreme horizontal branch. Recent surveys uncovered eleven 3 He sdBs. The 3 He anomaly is not due to thermonuclear processes but caused by atomic diffusion in the stellar atmosphere. Using a hybrid local/nonlocal thermodynamic equilibrium (LTE/NLTE) approach for B-type stars, we analyzed high-quality spectra of two 3 He BHBs and nine 3 He sdBs to determine their isotopic abundances. We redetermined their atmospheric parameters and analyzed selected He i lines, including λ4922 Å and λ6678 Å, being very sensitive to the 4 He/ 3 He abundance ratio. Most of the 3 He sdBs cluster in a small temperature strip between 26 000 K and 30 000 K, being helium-deficient in accordance with previous LTE analyses. BD+48
Introduction
The chemical composition of a large fraction of stars is similar to that of the Sun. Nevertheless, abundance anomalies can be observed throughout many parts of the Hertzsprung-Russell diagram (Michaud & Tutukov 1991) . Some abundance anomalies may be traced back to thermonuclear burning reaching the stellar surface because of strong mass loss (e.g., Wolf-Rayet stars; Langer 2012), internal mixing (e.g., PG 1159 stars; Werner & Herwig 2006) or mass transfer in binaries (e.g., dwarf carbon stars; Heber et al. 1993; Green 2000) . In many cases, however, they result from atomic transport, i.e., diffusion processes occurring in the stellar atmosphere (Greenstein 1967; see Michaud et al. 2015 for a detailed review). For instance, there is no doubt that the surface abundances of white dwarfs are caused by atomic transport processes. Moreover, abundance anomalies are also observed on the main sequence (MS) for B, A and F-type stars (see, e.g., Smith 1996) . However, also evolved stars, in particular on the horizontal branch like blue horizontal branch (BHB, T eff 12 000 K) or extreme horizontal branch (EHB, T eff 22 000 K) stars show anomalies (see Heber 2009 Heber , 2016 for reviews). The latter have been classified as hot subluminous B stars (sdBs), which have similar colours and spectral characteristics compared to B-type MS stars, but are much less luminous and are considered to burn helium in their cores. These rather compact objects (R sdB ∼ 0.1-0.3 R ) have very thin hydrogen envelopes (M env ∼ 0.01 M ) and total masses of M sdB ∼ 0.5 M . They show effective temperatures between ∼ 22 000 K and ∼ 40 000 K with high surface gravities of log (g) ∼ 5.0 -6.0 dex. In a simplistic atmospheric diffusion model the equilibrium abundance of a particular element is set by a balance between gravitational settling and radiative levitation, since the radiation pressure experienced by an ion depends on its abundance. However, such simple atomic diffusion models predict that the atmospheres of all chemically peculiar B-type MS and EHB stars should be depleted in helium to such low abundances on time scales much shorter than the evolutionary one that no helium spectral lines are predicted at all by atmospheric models in the optical spectra of these stars. This is at odds with observations (see Fontaine & Chayer 1997 for a review). The existence of 3 He isotope enhancement in helium-weak Btype MS (14 000 K < ∼ T eff < ∼ 21 000 K; Sargent & Jugaku 1961; Hartoog & Cowley 1979) as well as in BHB (Hartoog 1979) and sdB stars (27 000 K < ∼ T eff < ∼ 31 000 K; Heber 1987; Geier et al. 2013a ) is also difficult to reconcile with the simplistic diffusion model because of the general weakness of the radiative acceleration of helium. In principle, the 4 He/ 3 He abundance ratio decreases with time since the more massive 4 He settles more quickly than 3 He (Michaud et al. 2011 (Michaud et al. , 2015 . Unfortunately, the time needed to obtain the observed 3 He overabundances is too long compared to the stellar lifetime (Vauclair et al. 1974;  Article number, page 1 of 20
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A&A proofs: manuscript no. spec_analysis_3he_anomaly_B_type_stars Michaud et al. 1979 Michaud et al. , 2011 . That is why other diffusion models like the diffusion mass-loss model for MS stars (Vauclair 1975) in combination with stellar fractionated winds (Babel 1996) , the light induced drift (Atutov 1986; LeBlanc & Michaud 1993) , meridional circulations (Quievy et al. 2009; Michaud et al. 2008 Michaud et al. , 2011 or thermohaline mixing were developed. Hartoog (1979) discovered the first blue horizontal branch star (Feige 86) to show the 3 He anomaly. Heber (1987) classified two additional BHB stars (PHL 25 and PHL 382 1 ) as 3 He stars and discovered that the sdB star SB 290 showed the same anomaly, too. Later, Edelmann et al. (1997 Edelmann et al. ( , 1999 Edelmann et al. ( , 2001 found another three sdBs (Feige 36, BD+48
• 2721, PG 0133+114), where 3 He is enriched in the atmosphere. Geier et al. (2013a) added another seven 3 He sdBs. However, 3 He stars are rare amongst sdB stars. estimated that less than 5 per cent of the sdB stars show this anomaly, whereas Geier et al. (2013a) estimated a higher fraction of 18 per cent. Most of the 3 He BHBs and sdBs do not show periodic radial velocity variations. Consequently, there is no evidence that binary evolution facilitated the photospheric 3 He enrichment in 3 He BHBs and sdBs. However, three 3 He sdB stars are known to be close binaries (Feige 36, PG 1519+640, and PG 0133+114) . Saffer et al. (1998) and Moran et al. (1999) derived a period of 0.35386 ± 0.00014 d for the single-lined binary Feige 36. Copperwheat et al. (2011) , who confirmed previous studies by Morales-Rueda et al. (2003a) and Edelmann et al. (2004) , found that PG 1519+640 has a semi amplitude of 36.7 ± 1.2 km s −1 and a period of 0.539 ± 0.003 d. Edelmann et al. (2005) confirmed the previous results of Morales-Rueda et al. (2003b) by determining an amplitude of 82.0 ± 0.3 km s −1 and a period of 1.23787 ± 0.00003 d for PG 0133+114. Identifying the possible diffusion processes occurring in the stellar atmosphere of 3 He B-type stars is indispensable for the detailed understanding of their evolution and empirical information on the photospheric 4 He/ 3 He abundance ratios are required to constrain theoretical concepts. The identification of 3 He is usually done by accurately measuring the small isotopic shifts of the He i absorption lines in the optical part of the spectrum. The isotopic shifts with respect to the 4 He isotope vary from line to line. Whereas 3 He i 5875 Å is shifted only slightly (0.04 Å) towards redder wavelengths (see Fig. 2 ) and, therefore, is used as a reference line, the strongest isotopic line shifts in the optical are observed for 3 He i 7281 Å, 3 He i 6678 Å (see the right-hand panel of Fig. 3 ) and 3 He i 4922 Å (see the left-hand panel of Fig. 3 ), being ∼ 0.55 Å, ∼ 0.50 Å, and ∼ 0.33 Å, respectively (Fred et al. 1951) . In order to accurately measure the position of the lines, high signal-to-noise ratios (S/N) are desirable. In general, the radial velocity of the particular 3 He star has to be well determined before the wavelengths of the observed helium lines can be interpreted. This can be done best from the sharp metal lines of the slowly rotating BHB and sdB stars. Here, we present the final results of a quantitative spectral analysis performed in order to determine the 3 He and 4 He abundances of 13 B-type stars. Thereby, we also determined effective 1 There is no uniform classification of PHL 382. First, the star was classified as a BHB star by Heber (1987) . However, it might as well be an evolved low-mass star which already left the He-core burning phase (post-BHB star). Finally, it could also be a MS star as suggested by Kilkenny & van Wyk (1990) and Dufton et al. (1993) because of its low surface gravity. For the work at hand, we initially make use of the classification of Heber (1987) and call PHL 382 a BHB star. This classification will be further discussed in Sect. 4.1.
temperatures and surface gravities as well as projected rotation velocities from high-resolution spectra using Kurucz ATLAS12 model atmospheres and allowing for NLTE effects for the synthesis of the helium line spectrum using DETAIL and SUR-FACE. For the work at hand we used updated synthetic model spectra which will be discussed in detail in Sect. 3.1. In order to search for possibly unclassified 3 He hot subdwarf B stars, we selected candidates from a sample of 76 sdBs from the hot subdwarf list of the ESO Supernova Ia Progenitor Survey (ESO SPY; Napiwotzki et al. 2001 ). In Sect. 2 an overview of the target sample and the spectroscopic data is given. Section 3 describes the model atmospheres and spectrum synthesis, the model grids used, the spectroscopic analysis technique as well as the general effect of 3 He on helium line formation. The resulting atmospheric parameters, isotopic helium abundances and abundance ratios are reported in Sects. 4 and 5. Section 5 also provides a sensitivity study that we performed by means of mock spectra in order to verify and interpret our results. Evidences for vertical helium stratification in the 3 He BHB and in three of the 3 He sdB program stars are also presented in this section. The paper ends with a summary of the most important results.
Target Sample and Data
The original target sample consisted of two known 3 He BHB (PHL 25, PHL 382; Heber 1987) • 2721, PG 1519+640, and PG 1710+490; see Geier et al. 2013a) , the rotating sdB star SB 290 (Geier et al. 2013b) , which was first discovered to show 3 He by Heber (1987 ), Feige 36 (Edelmann et al. 1997 , 1999 , PG 0133+114 (Edelmann et al. 2001) , and, for comparison, the two well-studied prototypical sdBs, HD 4539 and CD-35
• 15910. High-resolution spectra were obtained by five different Echelle spectrographs (see Table 1 ). While most stars were observed with the FEROS spectrograph (R ∼ 48 000, 3530-9200 Å; Kaufer et al. 1999) mounted at the ESO/MPG 2.2 m telescope in La Silla, Chile, two spectra (BD+48
• 2721 and PG 1710+490) were obtained using the FOCES spectrograph (R ∼ 40 000, 3800-7000 Å; Pfeiffer et al. 1998 ) mounted at the CAHA 2.2 m telescope. Both the FEROS and the FOCES spectra were reduced with the MIDAS (Munich Image Data Analysis System) package. The BHB star PHL 25 was observed with the HRS spectrograph (R ∼ 60 000, 3660-9950 Å; Tull 1998) mounted at the Hobby-Eberly telescope located at the McDonald Observatory and Feige 36 using the HIRES spectrograph (R ∼ 36 000, 4270-6720 Å; Vogt et al. 1994 ) on the Keck 10 m telescope. The FOCES spectra of PG 1519+640 and PG 0133+114 used in the radial velocity study of Edelmann et al. (2005) turned out to be of insufficient quality for a quantitative spectral analysis of the stars. That is why we could not investigate the 3 He anomaly in the case of PG 1519+640 and PG 0133+114. The UVES data (R ∼ 18 500, 3290-6640 Å; Dekker et al. 2000) for four additionally sdB stars (HE 0929-0424, HE 1047 -0436, HE 2156 -3927, and HE 2322 see Sect. 5.3) were taken in the framework of the ESO SPY project at the ESO VLT. We excluded artifacts caused by cosmic ray hits, dead or hot pixels, insufficient order merging, etc. from the data. We also RVcorrected single spectra of all program stars and co-added them in order to achieve higher signal-to-noise which is essential for D. Schneider et al.: NLTE-Spectroscopic Analysis of the 3 He Anomaly in Subluminous B-Type Stars the analysis to be performed.
Methods

Model Atmospheres and Synthetic Spectra
We calculated synthetic model spectra making use of a detailed 3 He model atom that has been applied recently by Maza et al. (2014a) . This model atom was constructed in analogy to that of 4 He by Przybilla (2005) . However, isotopic line shifts as measured by Fred et al. (1951) were taken into account. As already shown by Auer & Mihalas (1973) , NLTE effects are quite small for helium lines in the blue-violet region of the spectrum, whereas the red lines, in particular He i 6678 Å, are considerably strengthened by departures from LTE (see the lefthand panel of Fig. 1 ). The He i 5875 Å line is also strengthened but less pronounced. Because the modeling of those two lines is crucial for our spectroscopic analysis, it is most important to model their line profiles as accurately as possible accounting for NLTE strengthening. Therefore, we used the hybrid local thermodynamic/non-local thermodynamic equilibrium (LTE/NLTE) approach for B-type stars (Przybilla et al. 2006a (Przybilla et al. ,b, 2011 Nieva & Przybilla 2007 ). This approach is based on the three generic codes ATLAS12 (Kurucz 1996) , DETAIL and SURFACE (Giddings 1981; Butler & Giddings 1985, extended and updated) . ATLAS12 model atmospheres were computed in LTE, whereby plane-parallel geometry, chemical homogeneity, and hydrostatic as well as radiative equilibrium were assumed. These metal-rich and line-blanketed model atmospheres were based on the mean metallicity for hot subdwarf B stars determined by Naslim et al. (2013) . Then, non-LTE occupation number densities for hydrogen and helium as well as for the included metals were determined with DETAIL, solving the coupled radiative transfer and statistical equilibrium equations. Using realistic line-broadening functions, the full emergent flux spectrum was synthesized in detail by means of SURFACE. Both helium isotopes, 3 He and 4 He, were treated simultaneously throughout the analysis, when solving the statistical equilibrium equations and the radiative transfer in DETAIL and SURFACE, because all spectral lines overlap. This hybrid LTE/NLTE approach has only been applied to hot subdwarf B stars before by Przybilla et al. (2005) , Geier et al. (2007) , and Latour et al. (2016) . We also used it for our preliminary results presented in Schneider et al. (2017) . Przybilla et al. (2010) provided a hybrid LTE/NLTE study of the fast halo BHB star SDSSJ153935.67+023909.8 in order to constrain the mass of the Galactic dark matter halo. By making use of the same hybrid approach, Marino et al. (2014) analyzed HB/BHB stars in the globular cluster NGC 2808. However, all previously investigated BHBs turned out to be cooler compared to the ones in our sample, which are PHL 25 and PHL 382. Besides hydrogen (H i) and helium (He i/ii), the calculated synthetic spectra included spectral lines of C ii/iii, N ii, O ii, Ne i/ii, Mg ii, Al iii, Si ii/iii/iv, S ii/iii, Ar ii, and Fe ii/iii (see Table 2 ), which were used to precisely measure radial as well as projected rotation velocities. It is very important to determine the exact radial velocity of the individual spectrum, since it strongly influences the measured isotopic line shifts and, hence, the abundance ratio 4 He/ 3 He. For the work at hand and, thus, in contrast to our previously performed analysis (see Schneider et al. 2017) , ATLAS12, DETAIL and SURFACE were modified to account for level dissolution of H i and He ii levels as described by Hubeny et al. (1994) . Moreover, we used updated Stark broadening tables for hydrogen and He i according to Tremblay & Bergeron (2009) and Beauchamp et al. (1997) , respectively. The latter were used for all synthesized He i lines, if the particular parameter space (effective temperature, surface gravity, helium abundance) and, therefore, the respective atmospheric electron densities of the helium line formation depths were included in these tables. If not, Stark broadening tables for He i according to Dimitrijevic & Sahal-Brechot (1990) were used. As an example, the right-hand panel of Fig.  1 displays the influence of the new broadening tables on He i 6678 Å. The influence is marginal, but sufficient in order to explain small deviations in atmospheric parameter determination compared to our preliminary results (compare the results of Tables 3 and 4 with the preliminary ones presented in Tables 2 and  3 in Schneider et al. 2017 ).
Model Grid
The determination of the particular (atmospheric) parameters was realized via a grid of model spectra in a 4-dimensional parameter space (effective temperature, T eff , surface gravity, log (g), and isotopic helium abundances for 3 He and 4 He). A multi-dimensional mesh spanned by T eff (20 000 K T eff 35 000 K, step size: 1000 K), log (g) (5.0 dex log (g) 6.0 dex, step size: 0.2 dex), and isotopic helium abundances (depending on the particular star, step size: 0.2 dex) was calculated. Arbitrary parameter combinations within this mesh were approximated by linear interpolation between the calculated synthetic spectra. A detailed description on how the individual model spectra were calculated can be found in Irrgang et al. (2014) .
Spectroscopic Analysis Technique
Before performing the quantitative spectral analysis, features being not properly included in the synthetic models used were excluded from fitting. Such features could be cosmics, normalization problems, interstellar or telluric lines, hot pixels, reduction artifacts, noise or non-overlapping diffraction orders at the end of the individual spectra, or photospheric lines with inappropriate or inaccurate atomic data. Generally, light colors mark regions excluded from fitting in the helium line fits presented in Figs. 6-15. The analysis itself made use of the objective, χ 2 -based spectroscopic approach as described by Irrgang et al. (2014) . This approach uses the whole spectrum at once. The entire wavelength range of the model spectrum, including all synthesized metal lines, can be adjusted to the real spectrum according to the Doppler effect in order to precisely determine both the radial, v rad , as well as the projected rotation velocity, v sin i. We set both macroturbulence ζ and microturbulence ξ to zero, since there is no indication for additional line-broadening due to these effects in sdB stars (Geier & Heber 2012) . Six free parameters (T eff , log (g), log n( 3 He), log n( 4 He), v rad , and v sin i) in total were fitted simultaneously. We used minimization algorithms (non-gradient ones like simplex and powell, and gradient methods like mpfit, etc.) in order to find the global minimum of the χ 2 landscape, which was generally well-behaved such that the best fit was found after a relatively small number of steps. We also determined 1σ (≈ 68%) single parameter confidence intervals for all derived quantities by means of χ 2 statistics.
Article number, page 3 of 20 A&A proofs: manuscript no. spec_analysis_3he_anomaly_B_type_stars Heber (1987) ; (2) Geier et al. (2013a) ; (3) Edelmann et al. (2001) ; (4) Geier et al. (2013b) ; (5) Saffer et al. (1998) ; (6) Moran et al. (1999) ; (7) Edelmann et al. (1997) ; (8) Edelmann et al. (1999) ; (9) Left panel: Synthetic model spectra for He i 6678 Å calculated in LTE (black curve) and NLTE (red and blue curve) for T eff = 28 000 K, log (g) = 5.60 dex, and log (y) = −2.00 dex. Obviously, He i 6678 Å is strongly affected by NLTE effects. While the red model is based on 'old' Stark broadening tables for hydrogen and He i (Dimitrijevic & Sahal-Brechot 1990 ), the blue model uses 'new' broadening tables from Beauchamp et al. (1997) . Right panel: Same as left-hand panel but zoomed-in. The difference between the 'old' (red curve) and 'new' (blue curve) model is marginal, but sufficient in order to explain small deviations in atmospheric parameter determination (see Sect. 3.1 for details).
The 3 He Model Atom and its Influence on Spectral Line Formation
Figures 2 and 3 display synthetic model spectra based on AT-LAS12, DETAIL, and SURFACE for He i 5875 Å, He i 4922 Å, and He i 6678 Å. We used three combinations of 3 He and 4 He abundances to generate them. T eff and log (g) were chosen to lie within the typical sdB regime. As expected, the line profile of He i 5875 Å is not affected by the isotopic abundance ratio, 4 He/ 3 He, except for a strengthening due to the increasing total helium abundance (see Fig. 2 ). The line profile is not distorted. However, in the case of He i 6678 Å (see the right-hand panel of Fig. 3 Fig. 3 ), different isotopic ratios also produce line shifts, but to a significantly smaller extent compared to He i 6678 Å. In any case, the line strengths of He i 4922 Å and He i 6678 Å depend on the underlying total helium abundance.
Atmospheric Parameters and Projected Rotation Velocities
Effective temperatures and surface gravities of the program stars were determined by fitting the calculated model spectra to the hydrogen and helium lines of the observed spectra listed in Table 2 . Model atoms for non-LTE calculations. Updated and corrected models as described by Nieva & Przybilla (2012) are marked with ' a '.
Becker ( He abundances. The corresponding helium isotopic abundances are log n( 3 He) = −4.00 dex and log n( 4 He) = −2.00 dex (black curve), log n( 3 He) = −2.00 dex and log n( 4 He) = −2.00 dex (red curve), and log n( 3 He) = −2.00 dex and log n( 4 He) = −4.00 dex (blue curve), respectively. Table 1 . In addition, sharp metal lines were used for an accurate determination of both the radial as well as the projected rotation velocities. Preliminary results have been reported by Schneider et al. (2017) , which were based on standard ATLAS12 model atmospheres and DETAIL/SURFACE spectrum synthesis, i.e., without the modifications described in Sect. 3.1. Table 3 lists the resulting effective temperatures, surface gravities and helium abundances. Because statistical uncertainties are small, the error budget is dominated by systematic uncertainties. As suggested by the study of Lisker et al. (2005) , we added systematic uncertainties of ±2% for the effective temperatures and ±0.1 dex for log (g). Given uncertainties on log n( 4 He + 3 He) in Table 3 result from Gaussian error propagation, whereby ±0.1 dex as systematic errors for log n( 3 He) and log n( 4 He), respectively, were used (see Table 4 ). All stars are helium-deficient and, except for EC 12234-2607, they show helium abundances between one tenth and one hundredth times solar, which is typical for BHB and sdB stars. In Fig. 4 we compare our results in a T eff -log (g) diagram to predictions of evolutionary models for the horizontal branch and beyond assuming solar metallicity and canonical masses between 0.471 M and 0.490 M (Dorman et al. 1993) . The BHB stars PHL 25 and BD+48
Effective Temperatures, Surface Gravities and Helium Content
• 2721 (see Sect. 4.2 for details) as well as eight of the 3 He sdBs, including the two ESO SPY sdBs from Table 1 (HE 0929-0424 and HE 1047-0436; see Sect. 5.3), lie within the EHB band as expected. EC 03263-6403 has already evolved beyond the helium-core burning phase. The same is true for the post-BHB star PHL 382. It is worthwhile to note that Feige 36 lies below the ZAEHB, which may be explained by a lower than canonical mass of the star (see Kupfer et al. 2015) . All 3 He stars cluster in a narrow temperature strip between ∼ 26 000 K and ∼ 30 000 K as already noted by Geier et al. (2013a) .
Results from NLTE versus LTE Analyses
Nine of the 3 He sdB stars have been analyzed from the same high-resolution spectra used here (see Edelmann et al. 1999 , Lisker et al. 2005 , and Geier et al. 2013a for details). All published analyses made use of the grid of metal line-blanketed LTE model atmospheres and spectral synthesis described by Heber et al. (2000) . Atmospheric parameters were determined by fitting the observed hydrogen Balmer and helium lines to grids of synthetic spectra calculated from model atmospheres in a similar way than the analysis presented here, namely by χ 2 minimization using the codes of Napiwotzki (1999) or its variant SPAS (Hirsch 2009; see, e.g., Copperwheat et al. 2011 for a detailed description), respectively. The metallicity adopted, though, is different from the typical sdB abundance pattern (Naslim et al. 2013 ) used here; previous analyses used models with scaled solar metallicity (solar or supersolar). Hence, a comparison of our results to the published ones allows us to test systematic effects, i.e., the cumulative impact of departures from LTE, different metal contents, and the different analysis strategies used (objective χ 2 -based spectroscopic approach vs. SPAS). In Table 3 we compare our results to the published ones. It is not possible to identify any systematic trends between both approaches when comparing the derived effective temperatures. The same holds for the derived surface gravities. Therefore, we conclude that the cumulative effect of departures from LTE, different metal contents, and the different analysis strategy is minor. In fact, all values agree to within the given uncertainties except for BD+48
• 2721 and EC 03263-6403. In the case of EC 03263-6403 we derived a lower surface gravity of log (g) = 5.21 ± 0.02 dex compared to literature. However, for BD+48
• 2721 (highlighted with a solid circle in Fig. 4) we derived a drastically lower T eff by ∼ 4000 K and log (g) by ∼ 0.57 dex, although we used the same FOCES spectrum as Geier et al. (2013a) . At T eff = 20 700 +100 −200 K and log (g) = 4.81 ± 0.02 dex, the atmospheric parameters of BD+48
• 2721 are quite similar to those of the BHB star PHL 25. Therefore, BD+48
• 2721 should no longer be considered an sdB, but reclassified as a BHB star.
Rotational Broadening
Subluminous B stars are slow rotators, unless they are spun up by a compact companion (Geier et al. 2010) . Projected rotational velocities have been published for all 3 He sdB stars to be small, that is of the order of the typical spectral resolution element of the instrumental profile (∼ 5-8 km s −1 ). Our analysis of the metal lines confirms the slow rotation, which implies that rotation is irrelevant for modeling the helium line profiles to determine the isotopic abundance ratio. There are two exceptions, though. AlArticle number, page 5 of 20 A&A proofs: manuscript no. spec_analysis_3he_anomaly_B_type_stars Table 1 (HE 0929-0424, HE 1047-0436; see Sect. 5.3) are marked in red. The three blue dots at the cool end of the sequence represent PHL 25, PHL 382 as well as BD+48
• 2721, highlighted with a solid circle (see Sect. 4.2 for details). The zero-age (ZAHB) and terminal-age horizontal branch (TAHB) as well as evolutionary tracks for different stellar masses but solar metallicity according to Dorman et al. (1993) are also shown in dashed and dotted lines, respectively. though apparently single, SB 290 is known to be a rapid rotator. Geier et al. (2013b) derived the projected rotation velocity from metal lines to be v sin i = 48.0 ± 2.0 km s −1 . They noticed, however, that the observed helium lines require a higher rotational broadening of v sin i = 58.0 ± 1.0 km s −1 to be matched by the synthetic spectra. We confirm this discrepancy and shall discuss it in Sect. 5.4. PHL 382 also shows significant rotation, however, at a lower v sin i = 12.9 ± 0.1 km s −1 than SB 290.
Isotopic Helium Abundances
For all program stars, we investigated selected He i lines in the optical spectral range by making use of the calculated model spectra presented in Sect. 3. The selection criterion for each line under investigation was its respective strength, which obviously depends on the helium abundance. Table 4 for all analyzed B-type stars. As expected, the changes due to the new broadening tables for He i are only minor (compare Table 4 with Table 3 in Schneider et al. 2017) . There is also no systematic trend visible between our hybrid LTE/NLTE approach and LTE literature values regarding helium abundances (see Table 3 ). Figure 5 summarizes the determined isotopic helium abundances in a T eff − log n( 3 He) and T eff − log n( 4 He) diagram for all stars, respectively. While all determined 4 He abundances are clearly subsolar (solar 4 He abundance: log n( 4 He) = −1.11 dex; Asplund et al. 2009), the 3 He abundances of all investigated 3 He B-type stars are strongly overabundant compared to the solar 3 He value of log n( 3 He) = −5.11 dex (Asplund et al. 2009 ) as expected. In the following, a detailed discussion of the He-normal comparison sdBs (Sect. 5.1), the known 3 He sdBs (Sects. 5.2 and 5.4), the ESO SPY sdBs (Sect. 5.3) as well as of the 3 He BHBs (Sect. 5.4) concerning helium line profiles and derived isotopic abundances is given. Table 4 ). Synthetic spectra for HD 4539 and CD-35
• 15910 were calculated using the solar value of log n( 3 He) = −5.11 dex (Asplund et al. 2009 ). Table 3 . Atmospheric parameters of the analyzed B-type stars compared to literature. In both cases the same high-resolution spectra were analyzed, but different approaches were used (see Sect. 4.2 for details). For the results of the work at hand, 1σ statistical single parameter together with ±2% and ±0.10 dex systematic errors for T eff and log (g), respectively, are given. In the case of log n( 4 He + 3 He) the given uncertainties result from the statistical and systematic errors on log n( 3 He) and log n( 4 He), which are listed in 
3 He Subdwarf B Stars
Most of the known 3 He sdB stars (EC 03263-6403, EC 14338-1445, Feige 38, PG 1710+490, and Feige 36) show fits of similar quality as the He-normal ones. Fig. 7 shows the helium line fits for the FEROS spectrum of EC 03263-6403. Given the larger noise level of the spectra, these fits are satisfactory. Photospheric 3 He is clearly detectable in these stars as can be seen from the 3 He and 4 He abundances listed in The most comprehensive and homogeneous sample of sdB stars, for which high-resolution spectra are available, emerged from the ESO SPY project . Overall, the sample included 76 sdBs for which UVES spectra at the ESO VLT were obtained. These spectra were analyzed by Lisker et al. (2005) , but no search for the 3 He anomaly has been carried out because the UVES spectra did not cover He i 7281 Å nor He i 6678 Å. We revisited the list of classified sdBs in the framework of ESO SPY in order to spectroscopically study the 3 He anomaly. Our focus had to be on He i 4922 Å, the most sensitive line to 3 He in the spectral range of UVES (3290-6640 Å).
In a first step, we preselected 26 candidates with effective temperatures between ∼ 27 000 K and ∼ 31 000 K typical for 3 He enriched sdBs (Geier et al. 2013a) . These candidates are listed in Table 5 together with their atmospheric parameters determined by Lisker et al. (2005) . Some of the candidates are too helium deficient to show He i 4922 Å. That is why we could not investigate the 3 He anomaly in those stars (see Table 5 ). We spectroscopically analyzed the remaining candidates and identified two of them as 3 He enriched sdBs by means of their isotopic abundance ratios (see Table 4 ). These stars (HE 0929-0424, HE 1047-0436; highlighted in Table 5 ) were classified as close binaries by Karl et al. (2006) and Napiwotzki et al. (2001) , respectively. HE 0929-0424 has a semi amplitude of 114.3±1.4 km s −1 and a period of 0.4400±0.0002 d, whereas HE 1047-0436 exhibits an amplitude of 94.0 ± 3.0 km s −1 and a period of 1.21325 ± 0.00001 d. With HE 0929-0424 and HE 1047-0436 being short-period sdB binaries, the total number of known close sdB binaries showing 3 He increases to five (PG 1519+640, Feige 36, PG 0133+114, HE 0929-0424, and HE 1047-0436). We also newly classified HE 2156-3927 and HE 2322-0617 as 3 He enriched sdBs in the framework of our preliminary results (see Schneider et al. 2017 ). However, Lisker et al. (2005) found that both stars show features of cool companions like Mg i, which we can confirm here. In the case of HE 2156-3927, they determined the companion type to be K3, whereas the companion of HE 2322-0617 is of somewhat earlier spectral type (G9). Because the respective cool companion therefore already signif- 3 He (in red) and 4 He (in blue) abundances of the analyzed stars plotted against effective temperature. Stars showing anomalous helium line profiles (see Sect. 5.4) are marked with squares and their determined isotopic helium abundances hence have to be treated with caution. Circles represent 3 He stars, for which we were able to match the helium line profiles. In addition, both He-normal comparison stars (HD 4539 and CD-35
• 15910) are marked with stars. Their 3 He upper limits (see Table 4 Table 4 ).
But this is likely a selection effect because the detection limit for 4 He/ 3 He increases by the absence of He i 6678 Å (see Sect. 5.5). In addition, the analyzed UVES spectra had lower S/N ratios than those of most other stars (see Table 1 ). Nevertheless, we managed to fit most of the helium lines for HE 0929-0424 and HE 1047-0436. As an example, the line fits for the rather noisy (S/N = 22) UVES spectrum of HE 0929-0424 are displayed in Fig. 8 . Based on the isotopic line shifts observable in the spectrum of HE 0929-0424, 3 He enrichment is not obvious. However, by making use of the sophisticated model spectra and the spectroscopic analysis technique both presented in Sect. 3, we succeeded in proving the presence of 3 He (see also Sect. 5.5).
Helium Line Profile Anomalies and Vertical Stratification
As described above, we were able to fit the observed helium line profiles very accurately for both He-normal comparison stars and many 3 He sdBs. Most remarkably, however, we could not satisfactorily reproduce the helium line profiles at all in the case of all analyzed 3 He enriched BHB stars (PHL 25, PHL 382, and BD+48
• 2721) and the 3 He hot subdwarf B stars EC 03591-3232, EC 12234-2607, and SB 290 (see Figs. 9-13) . A significant mismatch of the cores of many strong He i lines is obvious. Only some of the weakest He i lines could be matched satisfactorily. The most prominent cases are PHL 25 (see Fig. 9 ) and BD+48
• 2721 (see Fig. 11 ). To a smaller extent, discrepancies are also visible for PHL 382 (see Fig. 10 ), EC 03591-3232 (see Fig. 12 ), EC 12234-2607, and SB 290 (see Fig. 13 ). However, because of the high rotation velocity of ∼ 50 km s −1 of SB 290 (see Sect. 4.3) and the line broadening coming along with it, larger problems in fitting, as seen for PHL 25, PHL 382, BD+48
• 2721, EC 03591-3232, and EC 12234-2607, might be hidden to some extent. To test this, we convolved both the observed and the synthetic spectrum of the non-rotating 3 He sdB EC 03591-3232 with a rotational profile for v sin i ∼ 50 km s −1 . In this way, we reproduced similarly strong mismatches in the broadened helium line profiles of EC 03591-3232 as seen for SB 290. Therefore, we conclude that the strong line broadening in the case of SB 290 indeed hides larger shortcomings in fitting. Because of the insufficient line matches, the results of Table 4 for the isotopic helium abundances of the relevant stars have to be taken with a grain of salt. We list the resulting abundance ratios for these stars in Tables 4 and 9, but do not give any uncertainties. Except for PHL 25 and EC 12234-2607, however, we still conclude that 3 He has to be the dominant isotope. Generally, we found no evidence that the stars with anomalous helium line profiles have more atmospheric helium than other program stars, although EC 03591-3232 and EC 12234-2607 belong to the most He-rich ones (see Table 3 ). We calculated the entire helium line spectrum for a large variety of helium abundances, but none of them could simultaneously match both the wings and the cores of the analyzed helium absorption lines of the relevant stars. Specifically, He i 4026 Å and
Article number, page 9 of 20 A&A proofs: manuscript no. spec_analysis_3he_anomaly_B_type_stars He i 4472 Å exhibit shallow cores in combination with unusually broad wings (see, for instance, Figs. 10 and 11), indicating that helium is not homogeneously distributed throughout the stellar atmosphere, but instead shows a vertical abundance stratification. The shallow line cores indicate a lower than average helium abundance in outer atmospheric layers, where the cores are formed. The strong line wings require a higher than average helium abundance in deeper atmospheric layers, where the wings are formed. Another trend can be derived from Figs. 9-13. The further out in the stellar atmosphere the particular helium absorption line core is formed, i.e., the stronger the individual line, the worse the line core can be reproduced. This particularly applies to λ4472 Å, λ4922 Å, λ5016 Å, λ5875 Å, λ6678 Å as well as to λ7065 Å and again indicates that the helium abundance has to be higher in deeper layers of the atmospheres than in the outer ones. Therefore, the apparent discrepancy in projected rotational velocities determined from helium lines being larger than from metals in the case of SB 290 (see Sect. 4.3) can be explained as an effect of helium abundance stratification, because stratification leads to shallower line cores, which require larger broadening to be matched by chemically homogeneous models. Helium stratification has been reported for a few 3 He B-type stars so far (see, e.g., Bohlender 2005), including the heliumvariable star aCen (Leone & Lanzafame 1997; Bohlender et al. 2010; Maza et al. 2014b) , the main-sequence prototype HgMn star κ Cancri (Maza et al. 2014a) , the chemically peculiar 3 He star HD 185330 (Niemczura et al. 2018) , and Feige 86, a wellstudied BHB star (Bonifacio & Hack 1995; Cowley & Hubrig 2005; Cowley et al. 2009; Németh 2017) . It has also been found in other chemically peculiar stars by, e.g., Dworetsky (2004) and Castelli & Hubrig (2007) . Nevertheless, this is the first time that it has been found in subdwarf B stars. In order to reproduce the observed helium line profiles and to estimate the helium abundance, log n( 4 He + 3 He), in the outer and inner stellar atmospheres, we applied a two-component fit (see also Maza et al. 2014a ). Therefore, we chose the strong He i On the other hand, we performed fits by eye in order to accurately fit their individual line wings. We also estimated errors for log n( 4 He + 3 He) by varying the total helium abundance until clear mismatches in cores and wings, respectively, become obvious. Table 6 summarizes the results for all analyzed stars showing helium stratification. Figures 14 and 15 display example best fits for the investigated helium lines in the HRS spectrum of PHL 25, representative of all performed fits by eye. The helium abundance overall increases from outer (line cores) to inner (line wings of He i 4026 Å and He i 4472 Å) atmospheric layers of the analyzed stars (see Table 6 ). For He i 4026 Å the log n( 4 He + 3 He) increase ranges from ∼ 0.15 dex for SB 290 up to ∼ 0.83 dex for PHL 382. For He i 4472 Å this increase is even more significant, ranging from ∼ 0.46 dex for SB 290 up to ∼ 0.90 dex for PHL 25, EC 12234-2607, and BD+48
• 2721, respectively. Depending on the individual stratified star, we hence estimate that the helium abundance increases by a factor of ∼ 1.4-8.0 from the outer to the inner atmosphere. This is a clear indication for an inhomogeneous distribution of helium in the atmosphere, i.e., for vertical abundance stratification. A linear correlation between atmospheric line formation depth and total helium abundance therefore is possible. A determination of the formation depth from the atmospheric models would be required to trace the stratification. Eventually, we highlight the position of the helium stratified program stars in the T eff -log (g) plane (see Fig. 16 ). They populate the whole effective temperature sequence and, in contrast to the 3 He sdBs, they do not cluster in a certain temperature regime.
Sensitivity Study
As has been discussed throughout Section 5 so far, 3 He is the dominating isotope in the stellar atmosphere for many program stars. Specifically, the known 3 He sdB stars exhibit 3 He abundances that are up to a hundred times higher than the 4 He ones (see Table 4 ). Therefore, given also the large differences in S/N of the investigated spectra, the question arises what the detection limits for 4 He are. To this end, we performed a sensitivity study by means of normalized synthetic spectra with added Gaussian noise (mock spectra) calculated for the atmospheric parameters (listed in Tables 3 and 4) and S/N (listed in Table 1 ) of three program stars. Model I (representing EC 03263-6403), model II (representing BD+48
• 2721) and model III (representing HE 1047-0436) were calculated. The synthetic spectra were based on the modified versions of ATLAS12, DETAIL, and SURFACE as described in Sect. 3. The BHB star BD+48
• 2721 was chosen because of the excellent S/N of the observed spectrum (S/N ∼ 84, see Table 1) , and EC 03263-6403 because it has the lowest isotopic abundance ratio of all program stars ( 4 He/ 3 He ∼ 1/100, see Table 4 ), but
Article number, page 11 of 20 A&A proofs: manuscript no. spec_analysis_3he_anomaly_B_type_stars Fig. 9 . Selected helium lines in the HRS spectrum of the e3He ( 3 He enriched) star PHL 25. Note that not all of the shown lines were used for our analysis in this extreme case because of strong stratification effects and fitting problems coming along with it as is obvious from the mismatch of the cores of many He i lines (see Sect. 5.4 for details). Consequently, light colored regions/helium lines were excluded from fitting. also a rather poor spectrum (S/N ∼ 23). HE 1047-0436 shows the lowest 4 He abundance that we determined for both newly found 3 He enriched ESO SPY sdBs lacking the strong and sensitive line He i 6678 Å. We also verified the influence of this line on our results. In order to simulate noise, we used samples (p), drawn from a parametrized normal distribution centered around zero (mean value µ = 0) and with a standard deviation of one (σ = 1). The fluxes of the individual mock spectra, F mock , then were calculated from synthetic model fluxes, lowing formula:
Here, S /N is the individual signal-to-noise ratio. We chose different values for S/N (the original S/N of the individual observed spectra, 100, 200, and 300) to modify the normalized synthetic spectra and made use of the same technique as presented in Sect. 3.3 in order to spectroscopically analyze the mock spectra. Thereby, we simultaneously fitted effective temperature, surface gravity and both isotopic helium abundances.
Article number, page 13 of 20 A&A proofs: manuscript no. spec_analysis_3he_anomaly_B_type_stars Fig. 11 . Selected helium lines in the FOCES spectrum of the p3He (pure 3 He) star BD+48
• 2721. The star shows strong helium stratification as is obvious from the mismatch of the cores of many He i lines (see Sect. 5.4 for details).
Detectability and Error Estimation
The results of our sensitivity study for the three models together with the ones of our abundance analysis are shown in Table 7 . In the following, we highlight three important results. First, we are able to reproduce the results of our previous abundance analysis, confirming that our results are reliable detections of the small traces of 4 He. The 4 He and 3 He isotopic abundances derived from mock spectra are overall in good agreement with the observed ones, if the same S/N and the same number of investigated helium lines as for the abundance analysis are used. The statistical uncertainties on 4 He and 3 He are comparable to the ones of the previously performed abundance analysis. Increasing the S/N ratio, however, results in a significant improvement of accuracy. Second, if we ignore the strong and sensitive He i 6678 Å line, we are not able to reproduce the observed 4 He abundances for EC 03263-6403 and BD+48
• 2721. In particular, this results in large statistical uncertainties on the derived 4 He abundances. Even better S/N does not provide remedies here. Hence, it would not be possible at all to determine the 4 He abundance of the 4 Hedeficient sdB star EC 03263-6403 without He i 6678 Å. Last, we also derive similar isotopic helium abundances and statistical uncertainties from mock spectra as from our previous abundance analysis in the case of HE 1047-0436. We simulated the case of the analyzed UVES spectra in which He i 6678 Å as the most important signature for 4 He/ 3 He was also not available for investigation. Since we reproduce a similar isotopic abundance ratio for HE 1047-0436, i.e., for the most 4 He-deficient but 3 He enriched sdB star from the ESO SPY project (see Table by departures from LTE. The helium model atom used here has been shown to be appropriate to match the observed line profiles in B-type stars well (Przybilla 2005) . Unfortunately, the He i 10 830 Å line has not been measured in any normal sdB star yet. We included He i 10 830 Å into our sensitivity study for BD+48
• 2721 (see Table 8 ) in order to test its influence on the derived 4 He/ 3 He abundance ratio.
Indeed, He i 10 830 Å particularly leads to a better accuracy in determining both isotopic abundances for a given S/N (compare the results in Table 8 to the ones in Table 7 He stars from our sample showing no evidence for helium stratification are marked in blue, the stratified 3 He ones are marked in red. The zero-age (ZAHB) and terminal-age horizontal branch (TAHB) as well as evolutionary tracks for different stellar masses but solar metallicity according to Dorman et al. (1993) are also shown in dashed and dotted lines, respectively. cal uncertainties on both isotopic abundances, if He i 10 830 Å is included. Geier et al. (2013a) Table 4 ). Accordingly, we set the natural boundary of the abundance ratio at 4 He/ 3 He ∼ 0.5 and classify the former group as pure 3 He (p3He) sdB and the latter as 3 He enriched (e3He) sdB stars. It is also interesting to note that three out of the ten analyzed 3 He sdB stars (SB 290, EC 03591-3232, and EC 12234-2607) show evidence for helium stratification, both for p3He and e3He sdBs. For spectral typing we suggest to add a prefix "s-" for the respective stars. Two of the three analyzed BHB stars hence belong to the p3He subclass (PHL 382, and BD+48
A new Classification Scheme
• 2721), whereas the third one is an e3He star (PHL 25). However, all of them have atmospheres stratified in helium. Finally, it is worthwhile to note that three of the analyzed stars (Feige 36, HE 0929-0424, and HE 1047-0436) are single-lined spectroscopic binaries (SB1) of short periods (P < 1.3 d, see Table 1 ), all of e3He subtype. Table 9 summarizes this classification scheme for all analyzed stars. Specifically in the case of anomalous helium line profiles of the helium stratified stars, however, the derived abundance ratios and, therefore, the classification of the relevant stars have to be taken with a grain of salt (see Sect. 5.4).
Conclusion
We carried out a quantitative spectral analysis of 13 subluminous B stars that show the 3 He anomaly (three BHB stars, eight known sdB stars and two newly discovered ones from the ESO Supernova Ia Progenitor Survey), as well as of two prototypical He- Lisker et al. (2005) and the respective errors on T eff , log (g), and log (y) are listed in Table 2 Maza et al. (2014a) . We redetermined effective temperatures, surface gravities, and helium abundances of nine stars previously analyzed from the same spectra but using LTE model atmospheres, spectrum synthesis, different metal contents as well as a different minimization procedure to determine the best fit. In general, the results were found to be consistent for all but one program star (BD+48
• 2721), indicating that systematic effects by deviation from LTE as well as from the mean metallicity for sdB stars and the adopted fitting procedure are small. However, BD+48
• 2721 turned out to be much cooler than previously deduced and, therefore, was reclassified as a BHB star. Isotopic abundance ratios, 4 He/ 3 He, were determined from the helium line spectra. Both He i 6678 Å and He i 5875 Å play a crucial role, because they show the largest and the smallest isotopic line shift, respectively. However, those lines are known to be strengthened by departures from LTE, in particular He i 6678 Å, which requires an appropriately detailed atomic model • 2721), whereas the third one is an e3He star (PHL 25). Anomalous helium line profiles (broad wings, shallow cores) were found in all three BHB stars as well as in three of the 3 He sdB stars. This phenomenon can be explained by vertical stratification of the atmospheres. We estimate that the helium abundance increases from the outer atmospheric layers, where the cores of strong helium lines form, to the deeper ones, where the line wings form, by factors ranging from about 1.4 in the case of the sdB SB 290 to a factor of 8.0 in the case of the BHB star BD+48
• 2721. Such layered distribution of helium has been found in late B-type stars of peculiar chemical composition as well as in other BHB stars previously, but it is the first time D. Schneider et al.: NLTE-Spectroscopic Analysis of the 3 He Anomaly in Subluminous B-Type Stars Table 7 . Results of the sensitivity study. 1σ statistical single parameter and ±0.10 dex systematic errors on log n( 4 He) and log n( 3 He), respectively, are given. The given uncertainties on n( 4 He)/n( 3 He) result from statistical and systematic errors, whereby Gaussian error propagation was used.
Mock spectrum He i 6678 Å S/N log n( 4 He) log n( 3 He) Notes.
(a) Observed Spectrum The atmospheric parameters used as input for the calculated models were taken from Tables 3 and 4: Model I (representing EC 03263-6403): T eff = 29 000 K, log (g) = 5.21 dex, log n( 4 He) = −4.75 dex, log n( 3 He) = −2.85 dex Model II (representing BD+48
• 2721): T eff = 20 700 K, log (g) = 4.81 dex, log n( 4 He) = −3.34 dex, log n( 3 He) = −2.57 dex Model III (representing HE 1047-0436): T eff = 29 800 K, log (g) = 5.65 dex, log n( 4 He) = −2.76 dex, log n( 3 He) = −2.72 dex. Table 8 . The influence of He i 10 830 Å on our performed sensitivity study in the case of BD+48
• 2721. 1σ statistical single parameter and ±0.10 dex systematic errors on log n( 4 He) and log n( 3 He), respectively, are given. The given uncertainties on n( 4 He)/n( 3 He) result from statistical and systematic errors, whereby Gaussian error propagation was used.
Mock spectrum He i 6678 Å He i 10 830 Å S/N log n( 4 He) log n( 3 He) 
Notes.
(a) Observed Spectrum The atmospheric parameters (T eff = 20 700 K, log (g) = 4.81 dex, log n( 4 He) = −3.34 dex, log n( 3 He) = −2.57 dex) used as input for model II (representing BD+48
• 2721) were taken from Tables 3 and 4. that helium stratification is reported for sdB stars. A particularly interesting case is SB 290, because it is the only rapidly rotating sdB in the sample. Geier et al. (2013b) derived v sin i = 48.0 ± 2.0 km s −1 from metal but v sin i = 58.0 ± 1.0 km s −1 from helium lines. We confirm this discrepancy and trace it back to the anomalous helium line profiles. The projected rotational velocity of v sin i = 58.0 ± 1.0 km s −1 derived from helium lines by Geier et al. (2013b) therefore is overestimated because of vertical helium abundance stratification. The 3 He anomaly for main-sequence stars is restricted to a narrow temperature strip (14 000 K < ∼ T eff < ∼ 21 000 K; Sargent & Jugaku 1961; Hartoog & Cowley 1979 ). The same is true for sdB stars, but at hotter temperatures (26 000 K < ∼ T eff < ∼ 30 000 K). Otherwise, no correlation can be found. The anomaly occurs for helium-core burning objects as well as for further evolved ones (EC 03263-6403, and PHL 382) in apparently single as well as in close binary sdBs (PG 1519+640, Feige 36, PG 0133+114, HE 0929-0424, and HE 1047-0436) . The 3 He isotopic anomaly was previously considered to be a rare phenomenon. Although, many sdB stars have already been analyzed by means of high-resolution spectra, observations of the crucial He i 6678 Å line are lacking in many cases, in particular for the largest homogeneous sdB sample from the ESO SPY project (Lisker et al. 2005) . The fraction of 3 He stars among sdBs could be best constrained from high-resolution spectroscopy of the He i 6678 Å line. However, even more promising to investigate the isotopic anomaly would be observations of the infrared helium line, He i 10 830 Å, which now becomes possible with new spectrographs.
A&A proofs: manuscript no. spec_analysis_3he_anomaly_B_type_stars Table 9 . Classification of program stars into p3He (pure 3 He) and e3He ( 3 He enriched) stars according to the new classification scheme presented in Sect. 5.6. While stars classified with "s-" as a prefix show helium abundance stratification (see Sect. 5.4), the term "SB1" is used for the single-lined spectroscopic binaries of our sample. Given values for n( 4 He)/n( 3 He) are extracted from Notes.
(a) Anomalous helium line profiles (see Sect. 5.4). Therefore, no uncertainties on n( 4 He)/n( 3 He) are given.
(b) PHL 382 might also be an MS star (see the footnote in Sect. 1).
